In order to develop nano-devices with much lower power consumption for beyond-CMOS applications, the fundamental understanding and precise control of the electronic properties of ultrathin transition metal oxide (TMO) films are strongly required. The metal-insulator transition (MIT) is not only an important issue in solid state physics, but also a useful phenomenon for device applications like switching or memory devices. For potential use in such application, the electronic structures of MIT, observed for TMO nano-structures, have been investigated using a synchrotron radiation angle-resolved photoelectron spectroscopy system combined with a laser molecular beam epitaxy chamber and a scanning photoelectron microscopy system with 70 nm spatial resolution. In this review article, electronic structures revealed by soft X-ray nano-spectroscopy are presented for i) polarity-dependent MIT and thickness-dependent MIT of TMO ultrathin films of LaAlO 3 /SrTiO 3 and SrVO 3 /SrTiO 3 , respectively, and ii) electric field-induced MIT of TMO nano-structures showing resistance switching behaviors due to interfacial redox reactions and/or filamentary path formation. These electronic structures have been successfully correlated with the electrical properties of nano-structured films and nano-devices.
I. Introduction
In order to realize a sustainable society, we have to In order to develop nano-devices with much lower power consumption for beyond-CMOS applications, the fundamental understanding and precise control of the electronic properties of ultrathin TMO films with rich physics are strongly required.
Therefore, we have constructed a synchrotron radiation angle-resolved photoelectron spectroscopy (ARPES) system combined with a laser molecular beam epitaxy (MBE) chamber [2] at BL2C of the Photon Factory, KEK, and a scanning photoelectron microscopy (SPEM) system with 70 nm spatial resolution [3] 
II. Novel MIT at LaAlO 3 /SrTiO 3 Interfaces
As the first example of the metal insulator transition of TMO, we investigated the mechanism of metallic interlayer formation for epitaxially grown LaAlO3/ SrTiO3 interfaces. The utilized synchrotron radiation angle-resolved photoelectron spectroscopy (ARPES) system, combined with a laser MBE chamber, is shown in In order to investigate the band discontinuity, we measured the shift of the Ti 2p core level as a function of the LAO overlayer thickness for the metallic Figure 2 . Synchrotron radiation angle-resolved photoelectron spectroscopy (ARPES) system combined with a laser MBE chamber together with typical reflection high-energy electron diffraction (RHEED) oscillation of the specular spot. interface, where the electrons may be generated by oxygen vacancies in the STO layers [6] . This unique interfacial conducting layer formation can be applied to switching devices just as can the conductive channel of a ferroelectric field effect transistor after voltage application [7] .
III. Thickness-dependent MIT at SrVO 3 /SrTiO 3 and Novel Quantum Well
States for Ultrathin SrVO 3 Films
The second example is a thickness-dependent MIT caused by the reduction of the effective coordination number in constituent ions, resulting in a reduction of 4 [10] . The valence band mainly consists of three structures with two prominent O 2p-derived structures at 3.0∼9.0 eV of binding energy [11] , and a structure near EF that is assigned to the V 3d states by V 2p-3d resonant photoemission spectra. Because the valence band spectrum of Nb:STO exhibits a band gap of 3.2 eV below EF, the V 3d states are well confined in the quantum well (QW) structure formed between the vacuum (surface) and the substrate (interface) [12] . Thicker SVO films clearly show two peaks of the V 3d states. One peak located precisely at EF corresponds to the coherent (quasiparticle peak) part; the other broad peak centered at about 1.5 eV corresponds to the incoherent (the remnant of the lower Hubbard band) part [13] . This feature is similar to that of the bulk crystal reported previously [14] .
Next, using in situ PES, we investigated the changes in the electronic structure of SVO ultrathin films as a function of the layer thickness. By decreasing the film thickness to decrease the effective bandwidth due to the dimensional crossover from 3D to 2D, a pseudogap is formed at EF owing to the spectral weight transfer from the coherent part to the incoherent part. The pseudogap finally evolves into an energy gap, resulting in a dimensional-crossover-driven MIT. The layer DMFT (dynamical mean-field theory) [15] can be used to describe the correct trend of the observed spectral behavior, except for the pseudogap formation at an intermediate value of the slab number N and a smaller quasiparticle weight in the heavily metallic regime. Details are described in ref. [10] .
After this, using in situ ARPES to reveal the orbital-selective quantization, which may be the origin of the thickness-dependent MIT in SrVO3 ultrathin films, we investigated the electronic structures of quantum confinement for strongly correlated oxide SrVO3 ultrathin films. SrVO3 is a typical Fermi-liquid metal with a simple 3d 1 configuration [16] . The metallic V 3d
states located near EF in SrVO3 ultrathin films are expected to be highly confined in the QW structures.
Figs. 5(a) and (b) provide AFM and TEM images of the SrVO3/SrTiO3 samples, respectively. The band structures along the Γ-X direction consist of three bands; there are two degenerate parabolic dispersions derived from the dxy and dzx states and one nearly nondispersive dyz state [17] . When the SrVO3 film becomes sufficiently thin, the bands derived from dzx and dyz are expected to form quantized states because these orbitals expand along the z direction. On the other hand, the d xy state remains unchanged because of its 2D character in the xy plane. 2D QW states in metal films have been studied using ARPES [18] . close to Al2O3 is formed at the interface [23] . With a further increase in the Al deposition, the intensity ratio of the Al oxide peak to the metallic peak and Pt/PCMO interfaces. Fig. 8(b) shows the Mn L2,3
XAS spectra for Al/PCMO, Pt/PCMO, and PCMO films. Therefore, in order to directly observe the difference between LRS and HRS in terms of electronic state, we developed a SPEM, which is shown in Fig. 10 .
We used a metal nano-wire device exhibiting unipolar-type RS phenomena, which are usually observed for binary oxides. The nano-wire device structure has a planar configuration consisting of two Pt electrodes and an Ni nano-wire, as illustrated in Fig. 11(a) electrodes. An Ni nano-wire pattern was then formed by e-beam deposition to bridge the electrodes. The wire width, length, and thickness were estimated and found to be 340 nm, 2.7 μm, and 58 nm, respectively.
The current-voltage characteristics of the device were measured at room temperature in air. SPEM measurements were carried out using the 3D nano-ESCA system installed at BL07LSU of SPring-8. The lateral resolution at the photon energy of 1000 eV was set to 100 nm. Then, we performed pinpoint PES measurements on the nano-wire to investigate the changes in its electronic structure at HRS and LRS.
We measured the valence band spectra for high energy-resolution and high S/N-ratio on the nanowire under initial, HRS and LRS conditions, with results as shown in Fig. 11 (c) [29] . A large DOS at EF, derived from the Ni 3d states of the Ni metal, can be observed in the initial state, indicating that the Ni nano-wire mainly consists of Ni metal. After the first application of voltage, the Ni metallic wire is oxidized either by Joule heat oxidation [30] or by anodic oxidation [31] , resulting in a switch to an insulating NiOx phase with the HRS. In the HRS, the DOS at EF completely disappears from the valence band spectrum. The valence band PES spectrum for the HRS is nearly identical to that observed for the NiO crystal [32] , suggesting that the nano-wire almost completely changed to NiO in the HRS.
According to the assumption that the nano-wire in the LRS consists of a mixture of Ni metal path and NiO insulator, we tried to reproduce the PES spectrum near 
VI. Conclusions

